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PP3DUWLFOHLQFHOO VLPXODWLRQV LQGLFDWHWKDW WKH UDGLDWLRQ LV PDLQO\SURGXFHGE\ OLQHDU PRGH
FRQYHUVLRQIURPHOHFWURQSODVPDZDYHVZKLFKDUHH[FLWHGVXFFHVVLYHO\YLDVWLPXODWHG5DPDQ










7KH WHUDKHUW] 7+] UDGLDWLRQ ZKLFK OLHV EHWZHHQ IDU LQIUDUHG ZDYH DQG PLFURZDYH LQ WKH
HOHFWURPDJQHWLFVSHFWUXPKDVDWWUDFWHGLQFUHDVLQJLQWHUHVWRYHUWKH ODVWGHFDGHVIRU LWVZLGHUDQJH
RISURPLVLQJDSSOLFDWLRQV>@2QHRIWKHNH\LVVXHVIRUDSSOLFDWLRQVLVWRSURGXFH7+]UDGLDWLRQ
VRXUFHV ZLWK KLJK SRZHU $ YDULHW\ RI VFKHPHV IRU 7+] UDGLDWLRQ JHQHUDWLRQ KDYH EHHQ
GHPRQVWUDWHG )RU H[DPSOH WKH WLOWHGSXOVHIURQW SXPSLQJ RSWLFDO UHFWLILFDWLRQ LV IRXQG WR EH DQ
HIILFLHQW VFKHPH >@ +RZHYHU WKH GDPDJH WKUHVKROG IRU QRQOLQHDU RSWLFDO PDWHULDOV SUHYHQWV WKH
XVH RI KLJK SXPSLQJ ODVHU LQWHQVLW\ IRU KLJK 7+] SRZHU ,Q FRQWUDVW D SODVPD PHGLXP GRHV QRW
KDYH VXFK D OLPLWDWLRQ DQG KDV WKH SRWHQWLDO WR JHQHUDWH PRUH SRZHUIXO 7+] HPLVVLRQ >@ )RU
H[DPSOH /HHPDQV HW DO UHSRUWHG 7+] HPLVVLRQ DW  ȝ-VU IURP ODVHU ZDNHILHOGDFFHOHUDWHG
HOHFWURQEXQFKHVSDVVLQJWKURXJKDSODVPDYDFXXPERXQGDU\>@6KHQJHWDOSURSRVHGWKDW7+]
HPLVVLRQFDQEHSURGXFHGGLUHFWO\IURPODVHUZDNHILHOGVGULYHQLQLQKRPRJHQHRXVSODVPDYLDOLQHDU





,Q WKH UHFHQW \HDUV FRQVLGHUDEOH DWWHQWLRQ KDV EHHQ SDLG WR 7+] UDGLDWLRQ IURP UHODWLYLVWLF
ODVHUVROLGLQWHUDFWLRQZKLFKLVVXSSRVHGWRKDYHWKHSRWHQWLDOIRUVWURQJHUUDGLDWLRQ7+]UDGLDWLRQ
ZLWKHQHUJ\!P-SXOVHIURPIHPWRVHFRQGODVHUVROLGLQWHUDFWLRQVKDVEHHQREVHUYHGHLWKHUIURPWKH
IURQW >@ RU WKH UHDU VXUIDFH >@ 6HYHUDO PHFKDQLVPV UHVSRQVLEOH IRU WKH UDGLDWLRQ KDYH
EHHQ SURSRVHG HJ WKH WUDQVLHQW HOHFWURQV FXUUHQW GULYHQ E\ SRQGHURPRWLYH IRUFH >@ WKH
³DQWHQQD´PRGHO>@WKHVXUIDFHHOHFWURQFXUUHQWPRGHO>@DQGGLSROHOLNHUDGLDWLRQRULJLQDWHG
IURP WKH WDUJHW QRUPDO VKHDWK ILHOG >@ 7KHVH PRGHOV DUH JHQHUDOO\ EDVHG XSRQ WKH HOHFWURQ
FXUUHQWV SURGXFHG DW WKH WDUJHW VXUIDFH 0HDQZKLOH LW KDV EHHQ IRXQG WKDW SUHSODVPD LV RI JUHDW
LPSRUWDQFHIRU7+]UDGLDWLRQ>@ 







LV REVHUYHG 2XU SDUWLFOHLQFHOO 3,& VLPXODWLRQV LQGLFDWH WKDW VWURQJ HOHFWURQ SODVPD ZDYHV
(3:VDUHILUVWH[FLWHGE\VWLPXODWHG5DPDQVFDWWHULQJ656DQGVXFFHVVLYHO\E\VHOIPRGXODWHG
ODVHUZDNHILHOGV60/:)7KH(3:VDUHVXEVHTXHQWO\FRQYHUWHGLQWR7+]UDGLDWLRQWKURXJKWKH
/0& PHFKDQLVP 7KLV ZDYHEDVHG SURFHVV LV IXQGDPHQWDOO\ GLIIHUHQW IURP RWKHU FXUUHQWEDVHG
PHFKDQLVPVUHSRUWHGVRIDU

7KH H[SHULPHQWV ZHUH FDUULHG RXW XVLQJ WKH &20(7 ODVHU V\VWHP >@ DW WKH /DZUHQFH




ȝPJLYLQJDQHTXLYDOHQW LUUDGLDQFHRIaî:FP IRU- ODVHUHQHUJ\7KH ODVHUFRQWUDVWZDV
a7RJHQHUDWHDFRQWUROODEOHDQGTXDVLRQHGLPHQVLRQDOSUHSODVPDDQRIIFROOLPDWHGSUHSXOVH
RISVDWQPSURSDJDWLQJFRD[LDOO\ZLWKWKHPDLQSXOVHZDVDOVRIRFXVHGRQWRWKHWDUJHW
ZLWKWKHVDPH2$37KHIRFDO VSRWRI WKHSUHSXOVHZDVPXFK ODUJHUaȝP LQGLDPHWHUGXHWR
WKHRIIFROOLPDWLRQ7KHVFDOH OHQJWKRI WKHSUHSODVPDZDVDGMXVWHGE\FKDQJLQJWKHHQHUJ\RI WKH




7+] UDGLDWLRQ ZDV PHDVXUHGZLWK D S\URHOHFWULF GHWHFWRU LQ WKH VSHFXODU  GLUHFWLRQ $
7+] OHQV PDGH RI SRO\PHWK\OSHQWHQH ZDV XVHG WR FROOHFW WKH UDGLDWLRQ 7KH FROOLPDWHG 7+]
HPLVVLRQWUDQVPLWWHGWKURXJKD7+]ZLQGRZDQGZDVWKHQUHIRFXVHGE\DQRWKHU7+]OHQVRQWRWKH














SUHSODVPDVFDOH OHQJWK/V\VWHPDWLFDOO\7KHGHSHQGHQFHRI WKH7+]HQHUJ\RQ(ODVHU LV VKRZQ LQ
)LJD7KHUDGLDWLRQLQFUHDVHVQRQOLQHDUO\ZLWK(ODVHU%\LQFUHDVLQJ(ODVHUIURP-WR-WKH7+]







































      
),*FRORURQOLQH'HSHQGHQFHRIWKH7+]HQHUJ\RUUHODWLYH7+]LQWHQVLW\RQDWKHODVHUHQHUJ\E
SUHSODVPDVFDOH OHQJWK/ DQG FGLIIHUHQW IUHTXHQF\ UHJLRQV7KHH[SHULPHQWDOGDWD LVDQDYHUDJHRI
DERXWVKRWV7KHGDWDLQEDQGFDUHREWDLQHGDW(ODVHUa-ZLWKDVKRWWRVKRWIOXFWXDWLRQRI 

)LJXUH E VKRZV WKH 7+] UDGLDWLRQ YHUVXV / GHILQHG DV / >  @H HQ GQ G[   ZKHUH WKH
GLUHFWLRQ[LVWKHQRUPDOWRWKHWDUJHW7KHHOHFWURQGHQVLW\QHFDQEHREWDLQHGE\$EHOLQYHUVLRQRI
WKHLQWHUIHURJUDPV:HFDQVHHWKH7+]UDGLDWLRQLVYHU\VHQVLWLYHWR/:KHQ/LQFUHDVHVIURPa






7\SLFDOO\ WKHVSHFWUDOHQFRGLQJ WHFKQLTXH LVXVHGWRPHDVXUHWKHZDYHIRUPDQGVSHFWUXPRI
7+] UDGLDWLRQ GULYHQ E\ IHPWRVHFRQG ODVHU SXOVHV UXQQLQJ DW D KLJK UHSHWLWLRQ UDWH >@
+RZHYHUWKLVWHFKQLTXHGRHVQRWZRUNZHOOIRU7+]UDGLDWLRQGULYHQE\SLFRVHFRQGODVHUVVLQFHWKH
ORQJ SXOVH ZLGWK UHVXOWV LQ YHU\ SRRU WHPSRUDO UHVROXWLRQ DQG WKH QDUURZ EDQGZLGWK PDNHV LW
GLIILFXOW WR EH FKLUSHG 7KH KLJK IUHTXHQF\ GHWHFWLRQ FXWRII IRU D QRQOLQHDU FU\VWDO OLNH =Q7H LV
DQRWKHUOLPLWDWLRQ>@7KHUHIRUHWRHVWLPDWHWKHIUHTXHQF\VSHFWUXPDVHWRIORZSDVVPXOWLPHVK
ILOWHUVZLWKFXWRII IUHTXHQF\DW7+]ZHUHVHW LQ IURQWRIWKHS\URHOHFWULFGHWHFWRU
)LJXUH F VKRZV WKH UHODWLYH HQHUJ\ SURSRUWLRQRI 7+] UDGLDWLRQ LQ GLIIHUHQW IUHTXHQF\ UHJLRQV
%HVLGHVWKHVPDOOORZIUHTXHQF\FRPSRQHQWPRVWRIWKH7+]UDGLDWLRQaRIWKHWRWDOHQHUJ\
JRHVWRWKHUHJLRQ!7+]0RUHRYHUDZLUHJULGSRODUL]HUZDVXVHGLQWKHH[SHULPHQWWRPHDVXUH
WKH SRODUL]DWLRQ RI 7+] UDGLDWLRQ 7KH 7+] UDGLDWLRQ EHKDYHV OLNH D SSRODUL]HG SXOVH ZKLFK LV
VLPLODUDVIRXQGEHIRUH>@

7KH SUHYLRXVO\ SURSRVHG PRGHOV IRU 7+] UDGLDWLRQ IURP ODVHUVROLG LQWHUDFWLRQV FDQQRW ZHOO
H[SODLQ WKH DERYH UHVXOWV )RU H[DPSOH WKH REVHUYHG 7+] IUHTXHQF\ LV PXFK KLJKHU WKDQ WKH
SUHGLFWHG IUHTXHQF\ E\ WKH ³DQWHQQD´ PRGHO >@ IRU WKH  PPu  PP WDUJHWV ZH XVHG 7KH




2Q WKH RWKHU KDQG LW KDV EHHQ SURSRVHG E\ 6KHQJ HW DO WKDW VWURQJ 7+] UDGLDWLRQ FDQ EH
SURGXFHGYLD/0&ZKHQODUJHDPSOLWXGHODVHUZDNHILHOGVDUHH[FLWHGE\DQXOWUDVKRUWLQWHQVHODVHU
SXOVH REOLTXHO\ LQFLGHQW LQWR D QRQXQLIRUP XQGHUGHQVH SODVPD DW WKH GHQVLW\ DURXQG  FP
FRUUHVSRQGLQJ WR  7+] >@ $FFRUGLQJ WR WKLV WKHRU\ (3:V DW GLIIHUHQW SRVLWLRQV FDQ HPLW
HOHFWURPDJQHWLF ZDYHV DW ORFDO SODVPD IUHTXHQFLHV 7KHUHIRUH 7+] UDGLDWLRQ ZLWK D EURDG
IUHTXHQF\ UDQJH PD\ EH SURGXFHG ,Q WKH SUHVHQW FDVH HYHQ WKRXJK WKHUH LV D ODUJH QRQXQLIRUP
SUHSODVPDWKHODVHUSXOVHGXUDWLRQLQRXUH[SHULPHQWVLVVRORQJSVWKDWODUJHDPSOLWXGHODVHU




ODVHU SXOVH 2QH LV WKH VHOIPRGXODWHG ODVHU ZDNHILHOGV 60/:) H[FLWDWLRQ ZKLFK RFFXUV DV D
UHVXOW RI UHODWLYLVWLF VHOIPRGXODWLRQ LQVWDELOLW\ 60, >@ $QRWKHU LV E\ VWLPXODWHG 5DPDQ
EDFNZDUG VFDWWHULQJ 65%6 ZKLFK RFFXUV VSRQWDQHRXVO\ GXULQJ WKH ODVHU SURSDJDWLRQ LQ D
ODUJHVFDOH SODVPD >@ )LJXUH  LOOXVWUDWHV VFKHPDWLFDOO\ WKH LQYROYHG SURFHVVHV ZKHUH (3:V




:KHQ WKH LQWHQVH SLFRVHFRQG ODVHU SXOVH LV LQFLGHQW REOLTXHO\ LQWR D QRQXQLIRUP XQGHUGHQVH SODVPD




7R GHPRQVWUDWH WKRVH SURFHVVHV ZH KDYH FRQGXFWHG RQHGLPHQVLRQDO 3,& VLPXODWLRQV ZLWK
VLPLODU ODVHUDQGSODVPD FRQGLWLRQV WRWKHH[SHULPHQWDO $VLQHVTXDUHSURILOHG ODVHUSXOVHZLWK D
QRUPDOL]HGSHDNDPSOLWXGHD DQGDSXOVHGXUDWLRQĲ/ ĲLV LQFLGHQWRQWRDSODVPDVODEDW
DQ DQJOH RI ș R ZKHUH D LV UHODWHG WR WKH ODVHU LQWHQVLW\ , DQG ZDYHOHQJWK O E\
D ,O[:FP DQG Ĳ LV WKH ODVHU F\FOH 7KH SODVPD GHQVLW\ LV GHVFULEHG E\ DQ
H[SRQHQWLDO IXQFWLRQ DORQJ WKH [GLUHFWLRQ ZLWK WKH VFDOH OHQJWK / ZKHUH WKH PLQLPXP DQG
PD[LPXPGHQVLW\DUHVHWWREHQFDQGQFUHVSHFWLYHO\ZKHUHQFLVWKHFULWLFDOGHQVLW\RI
WKH SXPS ODVHU ,Q RUGHU WR GHDO ZLWK WKH REOLTXH LQFLGHQFH RI WKH ODVHU SXOVH D ERRVWHG IUDPH
PRYLQJZLWKDVSHHG VLQF T  DORQJ\GLUHFWLRQ LVDGRSWHG>@)LJXUHVKRZVW\SLFDO VLPXODWLRQ
UHVXOWV ZKHUH SSRODUL]HG VWURQJ HOHFWURPDJQHWLF ZDYHV DUH IRXQG WR EH HPLWWHG IURP WKH OHIW





IRXQG WKDW WKH JHQHUDWLRQ RI 7+] UDGLDWLRQ FDQ EH GLYLGHG LQWR WKUHH WLPH ZLQGRZV W
W!W VHHEHORZZKLFKFRUUHVSRQGWRWKUHHGLVWLQFW UDGLDWLRQ IUHTXHQF\ VSHFWUD7KH
LQWHJUDWHGIUHTXHQF\VSHFWUDRIWKH7+]HPLVVLRQDQGEDFNZDUGVFDWWHUHGOLJKWIRUWKHWKUHHVWDJHV
DUHVKRZQLQ)LJVEGDQGHIUHVSHFWLYHO\ 









































































),* FRORURQOLQH D6SDWLDOWHPSRUDOSORWVRI WKH7+]UDGLDWLRQ ILHOG IURP3,&VLPXODWLRQV7KH
SODVPDGHQVLW\ULVHVH[SRQHQWLDOO\IURP[ ȜWR[ ȜZLWK/ Ȝ7KHZKLWHVROLGOLQHVVKRZWKH
YDFXXPSODVPDERXQGDU\7KHODVHUSXOVHUXQVDORQJ W [ LQGLFDWHGE\WKHUHGGDVKHGOLQH7KHZKLWH
GDVKHG OLQH VKRZV W [Ĳ/ 7KH WLPHLQWHJUDWHG IUHTXHQF\ VSHFWUD RI EG WKH SSRODUL]HG 7+]




:KHQ WKH ODVHU SXOVH MXVW JRHV LQWR WKH SODVPD D VPDOO SDUW RI ODVHU LV UHIOHFWHG DQG ZHDN
VLQJOHF\FOH ORZIUHTXHQF\7+]HPLVVLRQ LVREVHUYHG IURP WKH OHIWYDFXXPSODVPD LQWHUIDFH7KH
UDGLDWLRQFDQEHH[SODLQHGE\ WKH WUDQVLHQWFXUUHQWVDW WKHYDFXXPSODVPD LQWHUIDFHGULYHQ E\ WKH
ODVHU SXOVH IURQW ZKHUH WKH SODVPD GHQVLW\ LV YHU\ ORZ >@ )LJXUH E DQG H VKRZ WKH
WLPHLQWHJUDWHG 7+] IUHTXHQF\ VSHFWUXP DQG EDFNZDUG VFDWWHUHG OLJKW RYHU W 7KH UDGLDWLRQ
IURPWKLVVWDJHLVYHU\VPDOODQGFDQEHQHJOHFWHGLQWKHSUHVHQWFDVH 





65%6 LQVWDELOLW\ GHYHORSHG ZLWK WKH ODVHU SXOVH SURSDJDWLRQ LQ WKH ODUJHVFDOH XQGHUGHQVH
SUHSODVPD)LJXUHIVKRZVFOHDUO\WKDWWKHVFDWWHUHGOLJKW LVUHGVKLIWHGDQGLWEHFRPHVVWURQJHU
DW ODWHU WLPH ZKHQ WKH ODVHU SXOVH SURSDJDWHV LQWR KLJKHUGHQVLW\ SODVPD :KLOH WKH FHQWUDO
IUHTXHQF\ RI WKH VFDWWHUHG OLJKW GHFUHDVHV ZLWK WLPH WKH FHQWUDO IUHTXHQF\ RI 7+] UDGLDWLRQ
LQFUHDVHV ZLWK WLPH DV D SRVLWLYHFKLUS SXOVH 1RWH WKDW WKH VXP RI WKH FHQWUDO IUHTXHQF\ RI WKH
7+]UDGLDWLRQDQGWKDWRIWKHVFDWWHUHGOLJKWLVNHSWFORVHWRWKHODVHUIUHTXHQF\ȦDWGLIIHUHQWWLPH
7KLV FRQYLQFHV XV WKDW WKH 7+] UDGLDWLRQ LV FRQYHUWHG IURP WKH 65%6LQGXFHG SODVPD ZDYHV
WKURXJKWKH/0&PHFKDQLVP7KH65%6LVJUHDWO\HQKDQFHGQHDUWKHLQWHQVLW\SHDNRIODVHUSXOVH







WKH UHODWLYLVWLF VHOIPRGXODWLRQ LQVWDELOLW\GHYHORSV PXFK PRUHVORZO\ WKDQ65%6 LQVWDELOLW\ >@
7KHZDYHIRUPRIWKH ODVHUSXOVHWUDQVPLWWLQJWKHSODVPDVODE LVVKRZQ LQ)LJJZKHUHWKHUHG
















$FFRUGLQJ WR WKH /0& PRGHO WKHUH H[LVWV DQ RSWLPDO LQKRPRJHQHRXV FRQILJXUDWLRQ IRU D JLYHQ
LQFLGHQFHDQJOH,WLVREVHUYHGWREHaPERWKLQWKHH[SHULPHQWDQGLQWKHVLPXODWLRQ












LQVWDELOLW\ JURZWK UDWHV IRU 65%6 DQG 60, LQFUHDVH ZLWK WKH ODVHU LQWHQVLW\ 7KLV FDQ H[SODLQ
TXDOLWDWLYHO\ZK\WKH7+]UDGLDWLRQREVHUYHGLQH[SHULPHQWVLQFUHDVHVUDSLGO\ZLWKWKHODVHUHQHUJ\
DV VKRZQ LQ )LJ D ,Q DGGLWLRQ RXU WKHRU\ PRGHO LQGLFDWHV WKDW WKH UDGLDWLRQ LV DOZD\V
SSRODUL]HG7KLVLVDOVRLQDJUHHPHQWZLWKWKHREVHUYHG 

,W LV ZRUWKZKLOH WR FRPSDUH WKH SUHVHQW 7+] UDGLDWLRQ ZLWK WKDW SURGXFHG E\ IHPWRVHFRQG
ODVHUVROLG LQWHUDFWLRQV ZKHUH D VPDOOVFDOH SUHSODVPD ZLWK D VWHHS GHQVLW\ JUDGLHQW LV IRUPHG
>@7KHHQHUJ\RISLFRVHFRQG ODVHUGULYHQ7+]SXOVHVKHUH LV IRXQGWREHKLJKHU WKDQWKDWRI
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